We studied causal relations among heart period (HP), systolic arterial pressure (SAP) and respiration (R) according to the definition of Granger causality in the time domain. Autonomic pharmacological challenges were used to alter the complexity of cardiovascular control. Atropine (AT), propranolol and clonidine (CL) were administered to block muscarinic receptors, β-adrenergic receptors and centrally sympathetic outflow, respectively. We found that: (i) at baseline, HP and SAP interacted in a closed loop with a dominant causal direction from HP to SAP; (ii) pharmacological blockades did not alter the bidirectional closedloop interactions between HP and SAP, but AT reduced the dominance of the causal direction from HP to SAP; (iii) at baseline, bidirectional interactions between HP and R were frequently found; (iv) the closed-loop relation between HP and R was unmodified by the administration of drugs; (v) at baseline, unidirectional interactions from R to SAP were often found; and (vi) while AT induced frequently an uncoupling between R and SAP, CL favoured bidirectional interactions.
Introduction
The traditional experimental approach to the inference of causality is based on the application of an external stimulus to the system under study and the observation of its causally related response. For example, in the field of the analysis of cardiovascular control, sinusoidal breathing at different discrete frequencies was originally used to drive respiratory-related heart rate changes [1] . This approach was recently extended using a random breathing pattern, thus estimating the relation from respiration to heart rate changes over a continuous range of breathing rates [2] . Examples of applications of the perturbational method to assess causal relations include electrical stimulation of vagal and sympathetic efferent activity directed to the heart to drive heart rate modifications [3, 4] , electrical stimulation of sympathetic nerves directed to vascular smooth muscles to evoke skin blood flow changes [5] and perturbations of the carotid sinuses with random binary pressure pulses to evoke sympathetic responses and peripheral vasoconstriction [6] . This traditional approach led to important theoretical advances [7] and had relevant practical applications [8] but left completely unsolved the issue of assessing causal relations during spontaneous activity. Indeed, knowledge of the causal interactions when the system is under an external perturbation does not necessarily imply mastering the system functioning under spontaneous conditions. Moreover, the external stimulation is frequently not natural, and thus the system functioning is explored in artificial conditions. Even when using a physiological probe, such as respiration, the collaboration of the subject necessary to reproduce a specific pattern may change the operational set point of the system with respect to spontaneous conditions. As a further drawback, the perturbational approach is unsuitable for studying complex causality schemes. Indeed, the magnitude of the stimulation necessary to evoke a clearly driven response might be so important as to make impracticable the recognition of any activity due to the presence of feedback. For example, the large pressure change induced by the administration of a vasoactive drug necessary to evoke an evident heart rate variation during the assessment of baroreflex sensitivity [9] prevents any possibility to disentangle the reflex modification of arterial pressure provoked by the drug-induced heart rate variation [10] . Finally, there are systems that cannot be stimulated for ethical reasons without any evident therapeutic indication (e.g. subthalamic nucleus in Parkinson disease) or due to the impossibility for humans to intervene (e.g. climate).
The definition of causality provided by Granger [11] opened the field of the analysis of causality in spontaneous conditions. The operative definition of causality given by Granger is that a time series y k Granger-causes another time series y m if the prediction of y m obtained from the most complete set of information we have about the system functioning is significantly better than that derived from the same set of information after excluding y k . Applications of this approach to the study of cardiovascular control based on spontaneous beat-to-beat fluctuations of cardiovascular variables allowed the identification of physiological mechanisms known to operate along well-defined temporal directions [12] [13] [14] [15] and the assessment of the strength of the inferred causal relationships [16, 17] . It was proposed that cardiovascular control makes use of strategies of selection of causality patterns to increase its flexibility in the presence of changeable conditions and its swiftness in reacting to risky situations [18] . Among these strategies, we suggested the possibility of modulating the dominance of a causal relation in closed-loop interactions [12, 18] and of inducing a progressive decoupling of cardiovascular variables from respiratory influences [18] .
The aim of this study is to investigate the role played by the autonomic nervous system in modulating causality in cardiovascular control by exploiting a pharmacological protocol devised to selectively block sympathetic and parasympathetic branches of the autonomic nervous system [19] . Granger causality was assessed in the time domain [11] according to the comparison of the predictability of the presumed 'effect' series based on the most complete information set describing the system functioning with that derived after excluding the presumed 'cause' series from the information set.
Material and methods (a) Evaluating Granger causality and directionality in the time domain
Given the series
where n is the progressive counter and N is the series length, they are first normalized, thus obtaining y 1 , y 2 , . . . , y M series with zero mean and unit variance. The set of M signals, Ω = {y 1 , . . . , y m−1 , y m , y m+1 , . . . , y M }, represents the universe of our knowledge about the system under examination. According to the class of the multivariate autoregressive models [20] , the interactions among the M signals in Ω can be described as [20] . The matrix A(z) can be written as
where A i is the M × M matrix containing, on the main diagonal, the coefficients a kk (i) with 1 ≤ k ≤ M describing the auto-dependence of y k (n) on y k (n − i) in Ω and, outside the main diagonal, the coefficients a kl (i) with l = k and 1 ≤ k, l ≤ M describing the cross-dependence of y k (n) on y l (n − i) in Ω. Equation (2.2) is helpful to put in evidence A 0 . According to the structure given to A 0 , immediate effects between any pair of signals can be imposed. While immediate effects of y k on itself are not allowed (i.e. a kk (0) = 0) to avoid the impractical situation of self-loops without delay, the instantaneous effects of y k on y l might be allowed by identifying a kl (0). If a kl (0) = 0 is found, special attention must be paid to impose a lk (0) = 0 to avoid the formation of loops involving different variables without delays [16, 21] . Usually, A 0 is imposed equal to 0 everywhere, thus supposing that immediate effects are irrelevant in setting causality as a consequence of the long latency of the possible influences between any pair of signals in Ω compared with the sampling period. However, this is not the case in the analysis of the cardiovascular control based on spontaneous variabilities due to the convention used to measure variables on a beat-to-beat basis [16, 21, 22] . The coefficients of A(z) can be identified according to some optimization criterion applied to y (e.g. the minimization of the determinant of the covariance matrix of w [20] ), thus leading to the computational estimate of A(z),Â(z). The prediction of y(n),ŷ(n), can be obtained 
Experimental protocol and data analysis (a) Experimental protocol
We exploited data recorded during an experimental protocol planned to study the effects of pharmacological blockades of the parasympathetic and sympathetic branches of the autonomic nervous system on the baroreflex sensitivity [19] . We make reference to Parlow et al. [19] for a detailed description of the experimental protocol. Briefly, we studied nine healthy male physicians aged from 25 to 46 years familiar with the study setting. None had any abnormal finding in history, physical examination or electrocardiography or was receiving any medication. All had normal resting brachial arterial pressure measured by sphygmomanometer. They were instructed to avoid tobacco, alcohol and caffeine for 12 h and strenuous exercise for 24 h before each experiment. All the subjects gave their written informed consent. Experimental sessions were performed in 3 days at approximately two-week intervals. Subjects remained at rest in supine position in a quiet darkened room during all the recordings. Each experiment consisted of 15-20 min of baseline recording followed by 15-20 min of recording after drug administration. Recordings were obtained as follows: (i) on day 1, after parasympathetic blockade with 40 μg kg −1 intravenous (IV) atropine (AT) sulfate to block muscarinic receptors; (ii) on day 2, after β-adrenergic blockade with 200 μg kg −1 IV propranolol (PR) to block β 1 cardiac and β 2 vascular peripheral adrenergic receptors; (iii) on day 1, PR was administered at the end of the AT session (the dose of AT was reinforced by 10 μg kg −1 ) to combine the effect of AT and PR (AT + PR) and obtain a cardiac parasympathetic and sympathetic blockade; and (iv) on day 3, 120 min after 6 μg kg −1 per os clonidine (CL) hydrochloride to centrally block the sympathetic outflow to the heart and vasculature and to centrally increase the cardiac parasympathetic activity [25] . Since one volunteer took part only in the first day experiments, the total number of recordings were 25, 9, 9, 8 and 8 at baseline and after AT, AT + PR, PR and CL, respectively. The protocol adhered to the principles of the Declaration of Helsinki. The human research and ethical review board of the Hospices Civils de Lyon approved the protocol. Signals were sampled at 500 Hz. After detecting the QRS complex (the ventricular depolarization waveform) on the ECG and locating its apex using parabolic interpolation, the temporal distance between two consecutive QRS parabolic apexes was computed and used as an approximation of heart period (HP). The maximum of arterial pressure inside HP was taken as systolic arterial pressure (SAP). Since respiration (R) modulates the amplitude of the ECG waveform, the area of the QRS complex assessed with respect to the isoelectric baseline (B) was exploited to infer R [26] . The occurrences of QRS and SAP peaks were carefully checked to avoid erroneous detections or missed beats. If isolated ectopic beats affected HP and SAP values, these measures were linearly interpolated using the closest values unaffected by ectopic beats. HP = {HP(n), n = 1, . . . , N}, SAP = {SAP(n), n = 1, . . . , N} and R = {R(n), n = 1, . . . , N} were extracted on a beat-to-beat basis, where n was the progressive cardiac beat number, and N was the series length. SAP(n) was taken inside HP(n). R(n) was computed over the first QRS delimiting HP(n). The series were linearly detrended. Sequences of 256 consecutive measures were randomly selected inside B, AT, PR, AT + PR and CL periods, thus focusing on short-term cardiovascular control mechanisms [27] . If evident non-stationarities, such as very slow drifting of the mean or sudden changes of the variance, were present despite the linear detrending, the random selection was carried out again. The mean and the variance of HP and SAP were indicated as μ HP , μ SAP , σ 2 HP and σ 2 SAP , and expressed in ms, mmHg, ms 2 and mmHg 2 , respectively. The per cent power in the respiratory band (from 0.15 to 0.5 Hz) and the dominant respiratory frequency were monitored as well (i.e. RP% and RF) and expressed as per cent units and Hz, respectively.
(c) Identification of the model parameters from cardiovascular variabilities
Given y 1 = hp, y 2 = sap and y 3 = r, the coefficients of the polynomials, A kl (z) with 1 ≤ k, l ≤ 3, were identified both in Ω = {y 1 , y 2 , y 3 } and in Ω − {y k } with k = 1, 2, 3 directly from cardiovascular series using the traditional least-squares approach and Cholesky decomposition method [20, 21] . The delays τ 12 and τ 13 were set to 0 to allow the description of the fast vagal reflex (within the same cardiac beat) capable of modifying HP in response to changes of SAP and R [23, 28] . The delay τ 23 was set to 0 to account for the rapid effect of R on SAP due to the immediate transfer of an alteration of intrathoracic pressure on SAP value [29] . The delay τ 21 was set to 1 to describe the one-beat delayed effect of HP on SAP due to the measurement conventions preventing HP(n) modifying of SAP(n) [30] . According to Saul et al. [2, 7] , the actions of HP and SAP on R are slower (i.e. they cannot occur in the same beat), thus leading to τ 31 = 1 and τ 32 = 1. As a result of this choice, A 0 was upper triangular with all zeros on the main diagonal and below it. The same setting for instantaneous causality relations was imposed by Faes et al. [22] . The model order, p, was optimized in the range from 4 to 16 according to the Akaike figure of merit for multivariate processes [31] . The coefficients of A(z) were obtained by minimizing the determinant of the covariance matrix of w = [w 1 w 2 w 3 ] T . Whiteness of the residuals, w k with 1 ≤ k ≤ 3, and their uncorrelation, even at zero lag, were tested. The optimal model order chosen in Ω was maintained even in Ω − {y k } with k = 1, 2, 3, but the coefficients of the polynomials were estimated again.
(d) Statistical analysis
Kruskal-Wallis one-way analysis of variance on ranks was applied (Dunn's test) to check whether parameters changed after drug administration. A p < 0.05 was considered significant. Figure 1 shows an example of HP, SAP and R series recorded at B (figure 1a-c), after AT (figure 1d-f ), after PR (figure 1g-i), after AT + PR (figure 1j-l) and after CL (figure 1m-o) in the same subject. HP is remarkably lower after AT (figure 1d) and AT + PR (figure 1j) and higher after PR (figure 1g) and CL (figure 1m). The magnitude of the HP variability dramatically decreases after AT (figure 1d) and AT + PR (figure 1j), especially the amplitude of fast oscillations. SAP increased after PR and CL (figure 2a). The HP variance, σ 2 HP , was virtually abolished after AT and AT + PR (figure 2b). The SAP mean, μ SAP , was significantly increased after AT and AT + PR, and decreased after CL (figure 2c). Only CL produced a significant variation of the SAP variance, σ 2 SAP (figure 2d). The per cent power of the respiratory signal in the respiratory band, RP%, and the dominant respiratory frequency, RF, were insignificantly affected by the pharmacological challenges ( figure 2e,f ) .
Results
Results of causality analysis between y 1 (i.e. hp) and y 2 (i.e. sap) are shown in figure 3 . While the F value assessing causality from y 2 to y 1 , F 12 , was not affected by the drug administration (figure 3a), the F value evaluating causality from y 1 to y 2 , F 21 , significantly decreased after AT and AT + PR (figure 3b). The large decrease of F 21 after AT and AT + PR led to a significant decrease of DI 21 as well (figure 3c). At B, DI 21 was larger than 0 in 100 per cent of the subjects (figure 3c), thus indicating a dominant causality from y 1 to y 2 . Even though the percentage of subjects with DI 21 > 0 was smaller after the administration of the drugs (i.e. 89%, 75%, 67% and 75% after AT, PR, AT + PR and CL, respectively), causality from y 1 to y 2 remained prevalent.
Findings of causality analysis between y 1 (i.e. hp) and y 3 (i.e. r) are shown in figure 4 . Both the F values assessing causality from y 3 to y 1 , F 13 , and from y 1 to y 3 , F 31 , were not modified by the administration of the drugs ( figure 4a,b) . DI 31 that none of the two causal relations were prevalent. After AT, the percentage of DI 31 > 0 was slightly smaller than 50 per cent (i.e. 44%), whereas it increased above 50 per cent after PR, AT + PR and CL (i.e. 75%, 78% and 63%, respectively).
Results of causality analysis between y 2 (i.e. sap) and y 3 (i.e. r) are shown in figure 5 . Pharmacological challenges did not influence either the F value assessing causality from y 3 to y 2 , F 23 , or that evaluating causality from y 2 to y 3 , F 32 (figure 5a,b). DI 32 was unmodified in all the experimental conditions as well (figure 5c). At B, DI 32 was larger than 0 in a negligible percentage of subjects (i.e. 28%), thus indicating the dominance of the causal link from y 3 to y 2 . The percentage of subjects with DI 32 > 0 remained low in all the experimental conditions (i.e. 33%, 13%, 33% and 13% after AT, PR, AT + PR and CL, respectively). Figure 6 shows the rates of detection of causality patterns as a function of the experimental condition. A closed-loop relation between y 1 and y 2 , y 1 ↔ y 2 , was found in a large fraction of subjects at B (i.e. 72%; figure 6a, solid bar). This fraction was above 50 per cent in all the pharmacological challenges (67%, 100%, 56% and 88% after AT, PR, AT + PR and CL, respectively) and was not significantly affected by the administration of drugs. The percentage of subjects with solely unidirectional causality along baroreflex (i.e. y 2 → y 1 ) or with uncoupling between y 1 and y 2 was negligible (figure 6a) in all experimental conditions. At B, the percentage of subjects with closed-loop relation between y 1 and y 3 , y 1 ↔ y 3 (figure 6b, solid bar), was significant (i.e. 52%). This causality pattern dominated over the other ones in all the experimental conditions and its importance was not modified by the administration of drugs (44%, 63%, 56% and 50% after AT, PR, AT + PR and CL, respectively). Results of causality analysis between y 2 and y 3 strongly depended on the experimental conditions (figure 6c). Unidirectional causality from y 3 to y 2 (figure 6c, backslash-pattern bar) was the most frequently found causality scheme at B and after PR (52% and 50%, respectively). The main effect of AT and AT + PR was to raise the percentage of subjects with uncoupling between y 2 and y 3 compared with B ( figure 6c, open bar) . Conversely, CL increased the probability of finding bidirectional causality between y 2 and y 3 (figure 6c, solid bar).
Discussion
The main findings of this study can be summarized as follows: (i) at B, HP and SAP interacted in closed loop with a dominant causal direction from HP to SAP; (ii) pharmacological blockades did not alter the bidirectional closed-loop interactions between HP and SAP, but AT reduced the dominance of the causal direction from HP to SAP; (iii) at B, bidirectional interactions between HP and R were frequently found; (iv) the closed-loop relation between HP and R was unmodified by the administration of drugs; (v) at B, unidirectional interactions from R to SAP were often found; and (vi) while AT frequently induced an uncoupling between R and SAP, CL favoured bidirectional interactions.
(a) Effects of pharmacological challenges on heart period-systolic arterial pressure causality
Closed-loop interactions between HP and SAP play a central role in short-term cardiovascular regulation [7, 30, 32, 33] . Indeed, the cardiac mechanics and vascular properties of the arterial tree are both responsible for the causal relation from HP to SAP. Indeed, HP lengthening drives opposite effects on SAP depending on the balance between the positive effects on arterial pressure due to the larger cardiac filling and negative ones driven by a longer diastolic runoff. Cardiac baroreflex feedback is responsible for the reverse causal influence (i.e. from SAP to HP). Deformation of stretch receptors in barosensory vessels induced by SAP changes results in an increased afferent firing to cardiovascular centres in the brainstem and, consequently, to reflex changes of vagal and sympathetic efferent activities directed to the heart, thus driving appropriate HP modifications. This study confirms at B the importance of HP-SAP bidirectional causal interactions in healthy subjects [18, 23] and the dominance of the causal relation from HP to SAP over the reverse cardiac baroreflex one [12] . Given the closed-loop relation between HP and SAP, the application of methods assuming an open loop from SAP to HP to estimate baroreflex sensitivity from spontaneous HP and SAP variabilities (i.e. spectral and cross-spectral methods [34, 35] ) might produce estimates mixing the gain of the feedback and feedforward pathways [16] . The contaminating influences of the feedforward pathway on the estimate of the feedback gain might contribute to the disagreement between the spontaneous and drug-driven baroreflex sensitivity estimates [36] . One of the most important findings of this study is that pharmacological blockades were not able to limit the HP-SAP closed-loop interactions: indeed, the bidirectional causality scheme was the most frequently detected pattern in all the experimental conditions (figure 6a). This finding suggests that the autonomic nervous system can solely modulate the dominance of a causal relation with respect to the reverse one (vagal blockade reduces the dominance of causal relation from HP to SAP) but cannot open the HP-SAP closed loop. This conclusion is not entirely new: indeed, during a gradual head-up tilt protocol inducing a progressive vagal withdrawal and sympathetic activation, closed-loop HP-SAP interactions were not affected by the magnitude of the gravitational stimulus, but a progressive shift was observed from a dominant causality from HP to SAP at rest and low tilt table angles to the reverse causality along the cardiac baroreflex pathway (i.e. from SAP to HP) at the highest tilt table inclination [12, 18] . Since it is well known that baroreflex sensitivity is under autonomic control, being smaller in the presence of vagal blockade [19] or vagal withdrawal [12] and larger when vagal influences are enhanced [25] or less inhibited by sympathetic blockade [19] , these data and those obtained from a gradual head-up tilt protocol [12, 18] suggest that causality analysis provides non-redundant information compared with more traditional analyses involving the assessment of the gain of the HP-SAP relation. In other words, the detection of a significant causal link through causality analysis does not tell us anything about the magnitude of the transformation between input and output (i.e. the gain of the transfer function), but it is a prerequisite for its reliable assessment.
(b) Effects of pharmacological challenges on heart period-respiration causality
The presence of HP variations at the respiratory rate, i.e. the so-called respiratory sinus arrhythmia, suggested a causal link from R to HP. Several mechanisms have been advocated to support the direct causal relation from R to HP. They include the direct coupling between respiratory centres and vagal efferent activities, activation of cardiopulmonary reflexes and direct stimulation of the sinus node tissue [7, [37] [38] [39] [40] . However, even the reverse causal link was observed (i.e. from HP to R). Several studies reported that central respiratory drive induces changes of HP via variations of the vagal firing preceding modifications of R when measured according to two-belt chest-abdomen inductance plethysmography, thus suggesting a causal link from HP to R [2, 7, 41, 42] . This study supports the hypothesis of bidirectional interactions between HP and R [18] : indeed, at B, a closed-loop relation between HP and R was found in 52 per cent of the subjects and it was the most frequently detected causal pattern (figure 6b). The important presence of a causal link from HP to R found in this study is in agreement with the observations made by the earlier studies [2, 41, 42] even though R was derived using a different technique. This result is not surprising: indeed, the amplitude modulations of the ECG signal, taken as R in this study, are the result of respiratory-related cardiac axis movements synchronous with thoracic movements as monitored in [2, 41, 42] . The presence of bidirectional interactions between HP and R stresses the need for including the pathway from HP to R in addition to the more frequently modelled link from R to HP [30] .
One of the key findings of this study is that the significance of the bidirectional interactions between HP and R remained unmodified after autonomic challenges. A progressive decrease of the direct cardiopulmonary coupling was observed during the gradual vagal withdrawal and sympathetic activation induced by graded head-up tilt test [43] , thus suggesting that autonomic control could play a role in modulating the direct causal link from R to HP. In the present study, vagal blockade did not impose an HP-R uncoupling. This result can be interpreted in terms of the dramatic decrease of the HP variance. After AT, the HP variance was reduced to such a level that the direct mechanical effect on the sinus node tissue induced by respiratory-related changes of intrathoracic pressure [37] cannot be dismissed and might represent a significant portion of the respiratory sinus arrhythmia. Therefore, a causal relation from R to HP can be detected. The significance of the causal relation from HP to R is the result of the swiftness of vagal action in driving HP changes compared with the sluggishness of modifications of lung volume inducing respiratory-related movements of cardiac axis, leading to HP changes that precede R variations. Therefore, we expected that vagal blockade could modify the causal link from HP to R. Conversely, the causal relation from HP to R remained significant during AT and AT + PR. This finding suggests that latent variables unaccounted for in the information set (e.g. peripheral resistances) might play a role in determining the relation from HP to R. However, during AT and AT + PR, the bidirectional relations between HP and R might even be the result of the method exploited to derive R series: indeed, given the negligible levels of the HP variance, modifications of QRS morphology due to R might produce measurable effects on HP, thus linking inextricably HP and R series. The negligible effect of β-adrenergic blockade induced by PR and of central sympathetic blockade induced by CL might be related to the inability of the sympathetic system to modulate HP-R causality. Since the limited effect of PR on the gain of the pathway from R to HP is well known [42] , this conclusion can be extended to causality. While AT and AT + PR determine a dramatic reduction of the gain of the transfer function from R to HP [7, 42] , this reduction did not affect either the percentage of subjects with a significant causal link from R to HP or that with bidirectional HP-R interactions. These findings confirmed the independence of causality indices from parameters related to transfer function. (c) Effects of pharmacological challenges on systolic arterial pressure-respiration causality At B, an importance presence of the causal relation from R to SAP was found [18] (figure 6c). SAP variations at the respiratory rate are the likely result of the respiratory-related fluctuations of intrathoracic pressure modulating right and left preloads and, in turn, stroke volume [44] [45] [46] . At B, the negligible causality from SAP to R (or bidirectional SAP-R causality) is expected as well because fast neural actions did not play a role in the relation between R and SAP [7] . Therefore, we can confirm that R is an exogenous source for SAP (i.e. R affects SAP without being affected). This assumption, traditionally exploited in modelling cardiovascular variability interactions [30, 32, 47] , holds better than the same postulate on HP. Since the direct influence of R on SAP (i.e. not mediated by HP changes) is mainly due to the mechanical thoracic coupling between R and vasculature [7, 29, 32] , we expected that the causal relation from R to SAP was not affected by AT and AT + PR. We hypothesize that the uncoupling between SAP and R observed after AT (with or without administration of PR) is the result of the dramatic effects of AT on SAP. The significant increase of SAP due to AT could be able to reduce the driving influences of respiratory-related changes of the intrathoracic pressure on stroke volume and large vessels. PR left unmodified causality from R to SAP since it kept unmodified SAP values compared with B. The administration of CL was able to unveil possible closed-loop circuits between R and SAP. While the action from R to SAP is compatible with a decrease of SAP leading to a more efficient driving effect of respiratory-related changes of intrathoracic pressure on stroke volume and large vessels, the reverse causal link (i.e. from SAP to R) cannot be fully explained given the set of signals used in this study. We suggest that the reduction of the vasomotor tone after CL, influencing blood pressure fluctuations in the low-frequency band without significant variations of HP variability [48] , could lead to a spurious detection of causality from SAP to R. However, this hypothesis cannot be tested without including a peripheral vasomotion signal in the information set.
(d) The importance of causality analysis in the assessment of cardiovascular control Causality analysis provides a unique insight into integrative cardiovascular control under physiological closed-loop conditions. Indeed, it allows the identification of links among variables over predefined temporal directions and the unveiling of the presence of bidirectional interactions (i.e. closed loops). Separation between unidirectional and bidirectional interactions is of paramount importance in the study of cardiovascular control since it allows the distinction between autonomous self-sustained sources driving variability independently of the time course of systemic and peripheral variables (e.g. respiratory centres) and closed-loop mechanisms controlling one variable according to feedforward and feedback pathways (e.g. baroreflex loop). Causality analysis provides non-redundant information with respect to more traditional analyses obtained using monovariate, bivariate or multivariate approaches. Indeed, since it exploits a multivariate approach looking at the joint process, the typical limitation of monovariate approaches (e.g. spectral analysis) linked to the separate description of the dynamics vanishes. As a result of the imposition of a multivariate model, causality analysis is better suited to describe complex interactions than a bivariate approach based on a single-input single-output transfer function. Indeed, the typical assumption of this approach (i.e. the open-loop condition between input and output signals) is relaxed, and a closed-loop relation can be adequately described. In addition, causality analysis provides non-redundant information even with respect to more traditional multivariate model-based analyses focused on the estimation of the transfer function or the impulse responses [47] .
Causality analysis can be exploited to limit the complexity of cardiovascular models. Cardiovascular control is formed by a large amount of interacting mechanisms and subsystems [49] . As a consequence, any model trying to give a comprehensive description of cardiovascular control becomes unmanageable and difficult to interpret. Accordingly, traditional models give up the description of the complexity of cardiovascular control and focus their attention on a few specific mechanisms (e.g. baroreflex regulation). As a drawback of this oversimplified view, complex dynamics are explained in terms of very few mechanisms [50, 51] . We propose that a model with minimal complexity could be built by accounting solely for the causal links detected as meaningful by causality analysis. This approach can lead to models of limited complexity but capable of providing insightful parameters due to their nontrivial structure.
(e) Limitations and future developments
The major difficulty in causality analysis lies in creating the information set. If the information set is incomplete, spurious causal links could be detected. Indeed, the model would try to explain interactions according to the signals belonging to the information set. Spurious causal links could be unveiled only if all latent variables were included in the information set. A typical latent variable in several cardiovascular variability studies is R (here included). Only after including R in the information set can the role of baroreflex in governing HP-SAP interactions be reliably described [23] . A trivial solution of the issue of the latent variables is to create an information set including as many signals as possible provided that they do not carry redundant information (i.e. there is no transformation converting a signal, or a combination of signals, into any other belonging to the information set). Unfortunately, this solution is not fully viable because it increases the number of comparisons and the degrees of freedom of the problem, thus decreasing the statistical power of the study. In addition to the completeness of the information set, another major difficulty lies in the variety of signals that, in principle, can equivalently represent the functioning of a specific system. For example, a respiratory signal can be derived from thorax movements using thoracic belts, measurements performed on gas filling a rigid, constant-volume box where the subject is located, respiratory flow measured at the level of the mouth with a flowmeter, intraoesophageal pressure monitored via a small balloon situated in the oesophagus, changes of thoracic impedance assessed through electrodes positioned on the thorax, or ECG amplitude modulations reflecting respiratory-related cardiac axis movements. The choice of the most informative signal for causality analysis requires specific studies recording signals with different techniques and comparing results of causality analysis.
Possible future developments might include: (i) the application of time-varying approaches based on the recursive least-squares algorithms using forgetting factors to deal with the possible presence of non-stationarities and transients [52, 53] ; (ii) the application of frequency domain techniques to clarify whether specific causal patterns could be associated to particular time scales [54] ; and (iii) the application of nonlinear techniques, for example, based on the information domain [55] , to understand whether these methods can be helpful in the presence of nonlinearities such as those observed during slow breathing [56] and in pathological conditions [14] .
Conclusions
This study demonstrates that the analysis of the cardiovascular control based on spontaneous cardiovascular variabilities might benefit from the application of the Granger causality approach in the time domain. Indeed, causality analysis can clarify the type of causal interactions among variables by detecting closed-loop interactions and identifying directionality of the influences. Autonomic blockades suggest the relevance of HP-SAP and HP-R closed-loop interactions and the dependence of the causality pattern between SAP and R on the mean value of SAP. The significance of the approach is accentuated by the non-redundancy of the extracted indices compared with those obtained from more traditional analyses. However, the study suggests that it is worth including the presence of latent variables, such as peripheral resistance, in the information set to complete the universe of knowledge necessary to reliably explain causal relations.
